Using SDO/HMI and SDO/AIA data for sunspot groups of the 24th solar cycle, we analyzed magnetic properties and He II 304Å emission in leading and following sunspots separately. Simultaneous examination of umbral magnetic properties and atmospheric characteristics above the umbrae draws on average differences in He II 304Å contrast over the umbrae of leading and following spots we discovered earlier for solar cycle 23 sunspot groups based on SOHO data as well as on the hypothetical relationship between contrast asymmetry and magnetic field asymmetry in umbrae. We use a more accurate and faster algorithm for solving the pi-uncertainty problem of the transverse magnetic field direction in this research producing new results on differences in magnetic field properties between magneto-conjugated leaders and followers. We found that, in ≈ 78% of the cases, the minimum (over the umbra area) angle between the magnetic field line and the normal to the solar surface, α min , is smaller in the leading spots, so the magnetic field there is more vertical than that in the counterpart following spot. It was also found that umbral area-avegared angle < α > in ≈ 83% of the spot groups examined is smaller in the leader compared to the follower and the maximum and mean magnetic flux densities inside the umbra depend on the umbral area. Moreover, it was shown that a negative correlation exists between α min * Corresponding author Email addresses: yuliazagainova@mail.ru (Zagainova Iu. S.), vfain@iszf.irk.ru (Fainshtein V.G.), obridko@izmiran.ru (Obridko V.N.)
Introduction
According to photospheric observations, sunspots are characterised by decreased values of material temperature and brightness, as well as by increased values of magnetic field compared to the quiet photosphere (Bray and Loughhead, 1964; Obridko, 1985; Maltby, 1992) . The number of spots simultaneously observed in the Sun is a major characteristic of the solar activity and its cycles (Bray and Loughhead, 1964; Murdin, 2000) . The spots are intimately related to the manifestations of other forms of solar activity, e.g. flares.
The emergence and further evolution of sunspots is a rather complex physical process, and the properties of individual spots, on the one hand, can differ significantly, while on the other are closely related to each other and the ambient solar regions both in the subphotospheric layers and at various heights of the solar atmosphere (see, e.g. (Pipin and Kosovichev, 2011) and references therein).
Sunspots often form groups, where spots with differing properties can be found; the group itself having its special characteristics determined by all the group spots combined. In most cases, the westernmost sunspot of the group having a larger area and located closer to the equator compared to the other spots in the group is called the leading or head spot. The sunspots exhibiting the opposite field polarity are called following or tail spots. According to Hale's law of sunspot polarities in a group: ,,...in odd cycles the magnetic field of the leading sunspots in groups in the northern hemisphere has the north polarity, in tail sunspots, the south polarity. This pattern reverses its sign in the southern hemisphere or upon entering the even cycle" (Obridko, 1985) .
The overwhelming majority of earlier investigations examined sunspot properties irrespective of their type: leading/following. Papers comparing leading to following sunspot properties in a single group or, averaged, for several groups have been relatively few. It was shown that the area dependences of sunspot emission contrast (Sobotka, 1986) and photospheric magnetic field in sunspots (Bray and Loughhead, 1964 ) exhibit practical no difference between leading and following spots or sunspot evolution stage. (Gilman and Howard, 1985) found a slight difference in rotation speeds between leadings and followings.
Recent research has shown a noticeable difference in leading/following sunspot properties as observed in different spectral ranges. Thus, it was shown in (Zagainova, 2011) that the dependence of He II 304Å contrast and He I 10830Å parameters of an infrared (IR) triplet on the umbra area differ considerably for leading/following spots.
Magnetic properties have also been found to differ between leading and following sunspots. Couples of magneto-conjugated leading/following sunspots were identified in (Zagainova et al., 2015) , their umbrae connected through magnetic field lines, based on Bd-technique based potential approximation computations of magnetic field (Rudenko, 2001 ) as well as SDO data for 2010-2013. In ∼ 81% cases, the minimum angle between the field line and the normal to the solar surface, α min , was found to be smaller in the leading than in the following. In other words, the magnetic tube connecting leader and follower umbrae was found, in most cases, to be more radial in the leader than in the follower. Analysis of these case showed that there is a positive correlation between α min for leadings and that for followings.
The umbral area dependence of angle α min was shown to differ for leadings and followings. A weak negative correlations was found between the α min values and the maximum value of magnetic induction in the umbra. In other words, magnetic field lines are, on average, more radial in magnetic tubes forming the umbrae of both the leading and following spots and having stronger fields at photospheric level.
It was suggested (Zagainova, 2011) that differences in the solar atmosphere properties of the leadings' and following's umbrae are caused by the asymmetry of a magnetic tube connecting the leading and following parts. This may result in increasing of the ultraviolet λ304Å emission above the 3 following sunspot as compared to the leading spot. This fact in turn can explain the differences in the umbral area dependence of the He I 10830 IR triplet parameters between leadings and followings. This conclusion relies on the idea that the chromospheric helium IR triplet is formed via an ionisationrecombination mechanism. This mechanism involves helium atoms ionised by an ultraviolet range radiation flux, followed by a portion of these atoms entering, after a certain lag, the metastable level, 2 3 s, accompanied by absorbed emission of the photospheric continuum (Nikolskaya, 1966; Livshits, 1975; Pozhalova, 1988) . It was also shown that the properties of single sunspots were the same as those of leadings.
This paper continues the research started in (Zagainova, 2011; Zagainova et al., 2015,a) , where we used a new method for fast and accurate azimuth disambiguation of vector magnetogram data. We compared magnetic properties of leading and following sunspots found using vector measurements of magnetic field by the high spatial resolution SDO/HMI instrument during the growth phase and maximum of solar cycle 24. For the same time period, observations at λ304Å of the Sun by the SDO/AIA instrument (Lemen et al., 2012) were used to compare the dependences of He II 304Å contrast above umbra on the umbral area of leadings and followings.
Data and research methods
As in our previous study (Zagainova et al., 2015a) , we found umbral magnetic characteristics based on vector magnetograph SDO/HMI data, but the determination of the field vector characteristics involves the procedure of solving an pi-ambiguity problem when finding the direction of the transverse field. In (Zagainova et al., 2015a) , we used HMI data, for which the pi-ambiguity problem had been solved. In this paper, we solved the pi-ambiguity problem ourselves using a more accurate and faster method proposed in paper (Rudenko and Anfinogentov, 2014) .
A set of 40 bipolar groups observed during 2010-2012, and a set of 29 single sunspots with regular-shaped penumbra and pores observed in 2010 -2011, were selected for the analysis. Fig. 1 presents examples of magnetoconjugated sunspot couples and a single sunspot. Selected magneto-conjugated sunspots are listed in Table 1 , which also show the NOAA active region (AR) number, umbral area of the leading spots S L and of the following spots S F in millionths of solar hemisphere (MSH) and the magnetic polarity of the spot (north polarity N or south polarity S). Data for single spots are gathered in Table 2 . The umbral area was found from sunspot images in continuum based on SDO/HMI data. The AR number was found from data in http://www.solarmonitor.org/ in solar images obtained by SDO/HMI. Compared to the analagouse Table 1 in (Zagainova et al., 2015) , some alterations are made in Table 1 in this paper.
The following criteria were kept in mind when selecting spots for determining the magnetic properties of their umbrae. First, the selected (leaderfollower) sunspot pairs must be magneto-conjugated. This means that the field lines coming from the leader umbra must end either in, or near, the follower umbra. Correspondingly, the field lines coming from the follower umbra must end either in, or near, the leader umbra. The presence of field lines coming from the one spot but not ,,hitting" the other spot is related to a relatively low spatial resolution of potential approximation calculations of the field. Followers were pores in some of the magneto-conjugated spots. The second criterion for the spots to be selected is that they must be close to the central meridian. This requirement is mainly related to poor accuracy when determining the umbral area when sunspots are far from the central meridian (CM), i.e. at an angular distance of more than 30
• . In fact, in all cases but one, the sunspots under study never digressed more than 20
• from the CM. And, lastly, the magneto-conjugated sunspots have been found to be characterised by a clear-cut regular-shaped umbra with a circular or elliptic symmetry, while single sunspots must have a clear-cut umbra completely engulfed by the penumbra. This paper analysed magnetic field characteristics in sunspot umbra, such as: the minimum angle α between the field direction and the normal to the solar surface at the field measurement point (α min ) (see Fig.2 for details on how angle α was found; angle α min is the smallest of the α angles as calculated at different points where umbral magnetic field was measured); umbral areaaveraged (denoted < >) angle α: < α >; maximum B max and the average value of magnetic induction < B > within the umbra. Note, that when the magnetic field had a negative polarity -the field vector directed sunwards -angle α was found to exceed 90
• , therefore, when comparing this angle to the angles for a positive field polarity (field vector sunward), the values of α were subtracted from 180
• : α min = min(180
Magnetic field properties in umbrae were analysed using vector magnetic field measurements by the HMI magnetograph (Scherrer et al. (2012) ; http://hmi.stanford.edu/) which allow one to determine magnetic induction B; magnetic field vector tilt to line-of-sight δ; and azimuth Ψ, measured in the plane of the sky from CCD array column, counter-clockwise, to the magnetic (transverse) field vector as projected on this plane. In magnetic field measurements, the spatial resolution of the HMI instrument is ≈ 0.5 ′′ . Our analysis involved magnetograms that were closest to the time moments when the continuum solar images were obtained.
To be able to find angle α based on measured values, we obtained ratios between angles δ, and Ψ. The calculations were in the Descartes system of coordinates (X, Y, Z) centered at solar disk centre, where the OX, OY axes are in the plane of the sky, and the OY axis passes through the North pole (the angle between the elliptical plane and the equatorial plane is ignored). The OZ axis is directed along the line of sight and is perpendicular to the plane of the sky. The line of sight is assumed to be perpendicular to the plane of the sky at all points within the solar disk.
The angle between the magnetic field direction and the radial direction was found from: cos(α) = B r /B. All plots using data on angles α min−L , α min−F , and/or maximum magnetic induction B max−L , B max−F , were drawn for leaders and followers satisfying the condition: α min−L ≤ α min−F . Correspondingly, plots with data onf umbral area-averaged angles < α L >, < α F >, and/or average magnetic induction < B L >, < B F >, were drawn for spots with α min−L ≤ α min−F .
Our analysis of solar emission in the λ304Å line above sunspot umbrae relied on SDO/AIA telescopic data (Lemen et al., 2012) . This telescope provides spatial resolution ≈ 0.5 ′′ . λ304Å line contrast above umbrae C 304 is found from C 304 = I s /I 0 , where I s is intensity measure in the umbra, I 0 -in the quiet area (for details, see (Zagainova, 2011) ). The umbral area as expressed in MSH was found from spot images in continuum based on SDO/HMI data. An illustration of the angle under analysis, α, between the magnetic field vector B and the positive normal n to solar surface at the field measurement point. n u is the positive normal to the spot umbra. In the general case, the umbra is assumed to be non-perpendicular to the radial direction from the solar centre.
Results

Comparison between magnetic properties of leading and following sunspots
during the growth phase and maximum of solar activity cycle 24 Vector measurements of magnetic field by SDO/HMI were used to identify and compare magnetic field properties in the umbrae of leading and following spots. These measurements had a considerably higher spatial resolution than what was provided by potential approximation calculations of magnetic field in the solar atmosphere that served as a basis for a similar analysis of field properties in leadings and followings in our previous paper (Zagainova et al., 2015) .
We will start to compare magnetic properties in leader and follower umbrae by comparing the minimum (α min ) and average (< α >) angles between the magnetic induction direction and the radial direction at field measurement point in the umbrae of the two types of spots. It was shown earlier in our papers based on various data that in ≈ 80% (Zagainova et al., 2015) and ≈ 84% (Zagainova et al., 2015a) of the magneto-conjugated sunspot pairs α min was found to be larger in followers than in leaders. In other words, the magnetic tube connecting leader and follower umbrae was found, in most cases, to be more radial in the leader than in the follower. 
Angles α min and < α > as compared here between leader and follower umbrae has shown that in ≈ 78%, α min−L ≤ α min−F , whereas in ≈ 83%, < α L >≤< α F >. For the spot groups in question (leader/follower) meeting these requirements, sample-averaged angle α min−L−av in leaders ≈ 2.14 • , in followers α min−F −av ≈ 10.17
• , with α min−L−av /α min−F −av ≈ 0.21. For average values of < α > we have < α L−av > in leaders ≈ 30.45
• , in followers < α F −av >≈ 38.29
• , and α min−L−av /α min−F −av ≈ 0.8. It was shown in (Zagainova et al., 2015) and (Zagainova et al., 2015a ) that a positive correlation exists between the α min−F and α min−L values for leaders and followers with α min−L ≤ α min−F . Our new analysis has demonstrated that correlation between these angles persists but the correlation coefficient has fallen from r = 0.77 to r = 0.48, Fig. 3(A) . It has been found that spots satisfying the condition < α L >≤< α F > also exhibit a positive correlation between < α L > and < α F >, with coefficient r ≈ 0.45, Fig. 3(B) .
In relation to these findings, the question arises why α min is not 0, but a few degrees or more instead? A possible explanation is given in (Kuklin, 1985) , where it is argued that an observable spot umbra may not be perpendicular to the radial direction from the solar centre. In this case, the minimum angle between the field direction an the normal to the sunspot umbral plane can be close to 0, but the minimum angle between the field direction and the normal to the solar surface will differ from 0, being a few degrees or more. This means that the angle α min can also be regarded as the measure of the inclination between the normal to the observable umbral surface and the radial direction.
Our conclusion that, for most magneto-conjugated leader-follower sunspot pair we studied the magnetic field is more vertical in leading spots than in followers in most cases, does not agree with findings in several theoretical investigations and a number of observations. The ascent of a magnetic tube from the depths of the convection zone to the solar surface was theoretically investigated in (Fan et al., 1993; Caligari et al., 1995) . It was suggested that the legs of exactly such tubes form sunspots. It was shown in both the papers that there is asymmetry, in the inclination to solar surface, between the western and eastern legs of the tube, that, in the photosphere, manifest themselves as a leader and follower spot. According to the above calculations, the eastern leg is more vertical (i.e. closer to the radial direction) than the western leg. Van Driel-Gesztelyi and Petrovay (1990) presented observation results presumably supporting the conclusion about the field asymmetry between leaders and followers.
It remains unclear how the resulting contradiction could be solved. What can be said with certainty is that it is not related to the accuracy with which α min was determined, because we used two methods to find this angle: potential approximation calculations of the magnetic field (Zagainova et al., 2015) and based on SDO/HMI data (Zagainova et al. (2015a) and this paper). Spatial resolution of calculations of the magnetic field distribution at photospheric level was found, in the former case, at a spatial resolution that was one order lower than the HMI instrument. As a result, on average the α min values for both leaders and follower spots were in field calculations compared to the values found from HMI. However, the conclusion that field lines in the leading sunspots are more radial than in the following in most of the magneto-conjugated spot pairs under study proved to be true in both cases! Based on our findings, we think that the conclusion that a large number of magneto-conjugated leaders and followers exist in which the magnetic tube section from the leader is more radial than in the follower is reliable and supported by observations and calculations of magnetic field configuration at photospheric level.
As we see it, the likeliest reason for the difference in theoretical analysis results regarding the inclination of the western and eastern legs of the emerging magnetic loop and field line inclination angles in the leader and follower umbrae is a different mechanism for leader and follower formation than the ascent of a magnetic tube through the convection zone. This is indirectly evidenced by the examples of field lines from the leader and follower umbrae and from a single spot (Fig. 4) . Part of the field lines can be seen to connect leader and follower, while some field lines from both spots go in various directions spanning different distances. Field lines from a big single sunspot are distributed rather chaotically. Note that the examples in Fig. 4 are not typical. In most cases, the spread of field line directions from spot umbrae is much smaller.
That such a spread does exist is demonstrated by the following analysis. On average, the umbral area and the mean and maximum magnetic induction in the umbrae of magneto-conjugated spots is higher in the leader than in the follower. This means that magnetic flux from the leader is also larger than the flux entering the follower. Consequently, in most cases, part of the flux from the leader umbra must close, not in its respective follower, but either in other followers, or in another active region, or in other parts of the photosphere. This was observed for many of the sunspots under investigation.
A similar analysis can also be done for large single spots, their outgoing magnetic fluxes capable of travelling in various directions. Therefore, to clarify the true ratio between the field line inclination angles to the radial direction for leader and follower spots requires inspecting the emergence from the convection zone of not one magnetic tube, but of a complex magnetic structure consisting of several tubes coming from the umbra of a large leader spot.
Another reason for the above difference as to how field line inclination in leaders and followers are related, based on theoretical calculations, relies on the ,,not deep" sunspot concept (Solovev and Kirichek, 2014) . In this case, the spots are formed not by the loop ,,legs" going deep into the convection zone, but by short magnetic ,,columns" where one can ignore the effect of the Coriolis force on both them and the magnetic tube connecting them.
Finally, the relation between the field line inclination angles in the leader and follower may depend on sunspot evolution stage. To find out whether this relation exists or not would require dedicated and rather laborious investigations, which are outside the scope of this paper. We will highlight only some difficulties to be solved for this problem. First, now there are no generally accepted criteria for separating evolution phases of the active region containing magneto-conjugated leaders and followers. This is associated in particular with the diverse nature of time variations in different characteristics of the sunspot umbra: area, maximum and mean magnetic induction within the umbra, etc. (see, e.g., (Cowling,, 1946) ). Duration of phases of emergence, smooth evolution and disappearance of leaders and followers is different. However, for a small sampling (9 events) of the magneto-conjugated sunspot pairs considered, we have carried out such a study. Our preliminary analysis showed that the correlation between inclination angles in leaders and followers is most likely to be independent of the evolution phase of the active region.
It was concluded in (Zagainova et al., 2015) and (Zagainova et al., 2015a ) that both leaders and followers exhibit practically no correlation between minimum angle α min and umbral area S (absolute values for the correlation coefficients for these dependences never exceeded 0.12). In this paper, it was possible to obtain dependences α min (S) and < α > (S), demonstrating a noticeable negative correlation exists for both types of spots, Fig. 5 . There is also a relationship between the ratios α min−L /α min−F and umbral areas in leaders and followers S L /S F , Fig. 5(E) , as well as between < α L > / < α F > and S L /S F , Fig. 5(F) . Plots in Fig. 5 demonstrate that there is a correlation between the individual parameters for each type of spots (leader/follower) and between two characteristics of asymmetry in leaders and followers.
It was also concluded in (Zagainova et al., 2015) and (Zagainova et al., 2015a ) that magnetic field characteristics in leader/follower umbrae B max−L,F are practically unrelated to angles α min L ,F . Our new analysis has demonstrated that leader spots exhibit a negative correlation both between B max−L and α min L , and between < B L > and < α L >, Fig. 6(A, B) . For followers, the correlation coefficients between these field parameters for spots with α min−L ≤ α min−F and < α L >≤< α F > are, respectively, r = −0.2 and r = −0.12, i.e. there is practically no relationship between these field parameters.
We discovered a correlation between average angle < α L,F > and < B L,F > S L,S in leaders and followers, Fig. 7 . < B L,F > S L,S is regarded as a measure of magnetic flux in umbra F L,F .
The dependence of magnetic induction in spot umbra on umbral area was discussed in a number of papers (see Ringnes and Jensen (1960) and an overview in the monograph by Bray and Loughhead (1964) ). Based on findings of several researches, the conclusion was made that the relationship between maximum magnetic induction B and umbral area S is consistent with the empirical relation obtained in (Houtgast and van Sluiters, 1948 ) B = 3700S/(S+66); here B is measured in G, S in MSH. The relationship between B and S was also studied based on magnetic field vector measurement data in sunspots (Jin et al., 2006) . It was shown that there is a logarithmic dependence between the maximum field in a spot in upper layers and its area. At the same time, all the investigations of the S dependence of B never distinguish between leadings and followings.
The formula by (Houtgast and van Sluiters, 1948) , contains a very important fault. According to this formula the sunspot magnetic field becomes zero as the spot area tends to zero. It reflects the early period of sunspot research, when it was assumed that there was no magnetic field outside sunspots, the magnetic field varying from 4000 G in larger sunspots to 100 G in the smallest spots (Ringnes and Jensen, 1960) . With increased quality of observations, however, it became clear that magnetic fields are large enough even in smaller spots. (Steshenko, 1967; Bumba, 1967; Beckers and Schroter, 1968) demonstrated that the field is no less than 1200 G, sometimes exceeding 1800 G in the smallest pores (Baranov, 1974) . This disadvantage of Houtgast and van Sluiters' formula was also criticised by (Antalova, 1991; Solovev and Kirichek, 2014) .
About the same time, in the 1960s, a concept of ,,kilogauss tubes" appeared (Sheeley, 1966 (Sheeley, , 1967 Harvey and Livingston, 1969; Harvey, 1971; Livingston and Harvey, 1969; Stenflo, 1973) , according to which, very small formations are possible, with up to 2000 G strength. At the same time, Houtgast and van Sluiters' formula reflects a very important property starting from a certain moment, saturation sets in and the dependence of magnetic field on area decreases dramatically.
At the same time, all the investigations of the S dependence of B never distinguish between leaders and followers. For the first time, we compared the maximum and mean values of magnetic induction B max−L,F and < B > L,F separately, in the umbrae of leaders and followers to the area S L,F of the umbrae of these sunspots, Fig. 8 . Each plot in this Figure contains two regression lines: one described by the B max = A + B ln (S) function, the other by B max = A + BS/(S + C). Using a regression line described by a logarithmic function is evidence that such a function is a good fit for the above point scatters consistent with a similar conclusion in earlier papers (see e.g., Jin et al. (2006) ). The regression line described by Y = A+BX/(X +C) ,,resembles" Houtgast and van Sluiters' formula (Houtgast and van Sluiters, 1948) , but for an important distinction: when S −→ 0, B max does not tend to 0. It is to demonstrate this distinction, characteristic for real dependences B max (S), that we include this regression line, which is described by such a formula.
One can see from the plots in Fig. 8 and the approximation formulae that:
1. Neither the maximum nor average magnetic field drop as low as zero when the area decreases to very small values. 2. In all cases, magnetic field in leading and single sunspots is larger than in followings. 3. Of much importance is the threshold value of the area triggering curve saturation. In Houtgast and van Sluiters' formula, this value was 66 MSH and referred to a sunspot of ≈ 8000 km in radius. Our approximation produces threshold values of the area of ∼ 25 MSH for leadings and ≈ 10 MSH for followings. This corresponds to radii of 5000 and 3100 km. It could be assumed, conditionally, that saturation sets in when the area is such that the radius is comparable to spot depth. Our findings are on average consistent with estimates by Solov'ev and Kirichek (Solovev and Kirichek, 2014) thus supporting their concept of a ,,not deep" sunspot. With such an interpretation, our data indicate that not only do followings exhibit a smaller magnetic field, but may possibly be less deep formations. 4. For very big areas, the asymptotic values are 3550 G for leadings and 2750 G for followings, the smallest possible values being ≈ 1000 G. 5. We also compared the mean values of magnetic induction < B > in leading and following umbrae depending on the umbral area. < B > (S) has been found to exhibit more expressed differences between leadings and followings than B max (S). This indicates a more dramatic decrease in magnetic field from the umbral nucleus towards the penumbral boundaries in followings than in leadings. 6. Both for leaders and followers, the logarithmic fit proved to be a good approximation for the B max−L,F (S L,F ) and < B max−L,F > (S L,F ) dependences.
We also analysed the magnetic properties of regular-shaped single sunspots with expressed umbra and penumbra and single pores, Table 2 . For these, the average value of the minimum angle between the magnetic field direction and the positive normal to solar surface, α min−S−av ≈ 2.57
• . It was found that average value α min−S−av is less than average value of α min−L = α min−L−av = 3.32
• . At the same time for sunspots with north polarity, the angle has been found to be larger, α min−S−av − N = 2.25
• , than for spots with south polarity, α min−S−av − S = 1.73
• . The average angle for the single spots under study, < α > av , is 29.25
• . It was found for single sunspots that B max−S−av ≈ 2834 G, and the average area of such sunspots S S−av ≈ 25.5 MSH. This means that compared to leadings (B max−S−av = 2394 G; S S−av = 24.3 MSH), the single sunspots selected for analysis are characterised by larger values of maximum magnetic field and larger area of the umbra. This supports the conclusion in (Zagainova et al., 2015a) and in this paper that sunspots with stronger magnetic field in the umbra and larger area are, on average, characterised by smaller minimum angles α min . There is practically no relationship between the minimum angle in single sunspots, α min−S , and maximum magnetic induction B max−S . A weak negative correlation exists between < α S > and < B S > (r = −0.26). A negative correlation has been found to exist between < α S > and S S , with correlation coefficient r ≈ −0.66, Fig. 9(C) .
Comparing helium λ304Å emission contrast above leader and follower
umbrae to their magnetic properties It was shown in (Zagainova, 2011) , for solar cycle 23, that He II 304Å contrast is different above leader and follower umbrae: on average, contrast in this line is higher in followers compared to leaders or single spots. This result was later confirmed Zagainova et al. (2015a) for solar cycle 24 growth stages and maximum (see Fig. 9 ). It has been found that, for both the periods under study, He II 304Å contrast above leaders and followers, on average, practically does not depend on umbral area.
The dependences in Fig. 10 can be interpreted as follows: the magnetic field line configuration in sunspot groups is such that more He II ions emitting in λ304Å are accumulated above the following umbrae than above the leading umbrae. Zagainova (2011) suggested that different UV emission fluxes may be due to the asymmetry of magnetic tubes connecting leaders and followers. This asymmetry, in turn, may result in magnetic field properties differing between the umbrae of the two types of spots. It was shown in this paper, as well as in our earlier paper (Zagainova et al., 2015,a) , that this difference in the magnetic properties of the umbrae of two types of sunspots, as well as the asymmetry in magnetic field lines connecting leaders and followers do exist. The maximum and mean values of magnetic induction differ between leader and follower umbrae, while the field itself is found, in most cases, to be more vertical in leader umbrae than in follower umbrae. In many cases magnetic field lines connecting the two types of spots are also found to be nonsymmetrical: the smaller the minimum angle between the field line in the sunspot and the normal to the solar surface, the shorter the field line section between the spot and the apex of the line.
At the same time, findings in (Zagainova et al., 2015,a) failed to provide complete answers to the following questions: is there a quantitative relation between He II 304Å contrast above leader (C 304−L ) and follower (C 304−F ) umbrae and umbral magnetic properties of these two types of spots? Is there a quantitative relation between the characteristics of He II 304Å contrast asymmetry C 304−L /C 304−F and the characteristics of the asymmetry in leader and follower magnetic properties (for example, B max−L /B max−F ; α min−L /α min−F and others)? In this section, we will discuss in more detail the dependence of C 304−L and C 304−F on magnetic field characteristics in leader and follower umbrae.
Our analysis revealed practically no correlation between C 304−L and α min−L , B max−L , < B L >, < B L > S L , as well as between C 304−F and analogous magnetic field characteristics in follower umbrae. The absolute value of the linear correlation coefficient for all those dependences is no larger than 0.2. Any correlation is also absent between contrast asymmetry characteristic in the He II 304Å line, C 304−L /C 304−F , and the relations
At the same time, a positive correlation has been found between He II 304Å contrast above leader umbrae, C 304−L , and umbral area-averaged angle between magnetic field direction and radial direction at field measurement point, < α L >. The correlation increases if spots with C 304−L > 50 are excluded from the analysis, Fig. 11(A) . This plot was based on spots with < α L > < < α F >. At the same time, any correlation between C 304−F and < α F > is absent for followers. Nevertheless, the pattern of the dependence in Fig. 11(A) is indirectly consistent with results in Fig. 10(A) . It follows from Fig. 11 (A) that contrast C 304−L increases, on average, as < α L > grows. It follows from Fig.10(A) that contrast is higher, on average in follower umbrae compared to leaders. However, it is in followers that the sample-averaged value of < α F −av > is larger than the corresponding value of < α L−av > for leaders.
For cases when α min−L ≤ α min−F and (C 304−L /C 304−F ) < 2, there is a correlation between C 304−L /C 304−F and l L /l F , Fig.8(B) , where l L is the length of the magnetic field line from the leader umbra to its apex, and l F is the length of the field line from the follower to its apex. In this case, the values of l L and l F were averaged for all field lines that it was possible to trace from a leader or a follower.
It was noted above that there is no relationship between some photospheric magnetic field characteristics in leaders and followers and He II 304Å contrast in these spots. It could be more correct to compare UV intensity contrast to magnetic field properties at heights where He II 304Å emission forms, not in the photosphere, where magnetic field is measured. We plan to perform such work using various methods for magnetic field calculations in the solar atmosphere. It should also be taken into account that He II ion emission blends with silicon ion emission from the corona at the same wavelength.
The physical cause of He II 304Å contrast differing between leaders and followers and how this difference is related to magnetic field asymmetry in the umbrae of the two types of spots can be understood by analysing
the He II 304Å line formation mechanism. According to Zirin (1975) , He II 304Å glow in coronal holes is due to the ionisation-recombination mechanism, when helium atoms are ionised by λ ≤ 228Å emission. The number of He II ions on which the radiant flux in the 304Å line depends is determined by ionization equilibrium when velocities of ionization of He I atoms defined by the shorter-wave coronal emission/radiation flux and the recombination of He II ions dependent on electron density in the place of the emission generation in the 304Å line are compared. In this case, according to Zirin (1975) , the following relation is valid: N(He II) = const N(He I) × (1/n e ), where n e -electron density, N(He I) -the He I atom concentration. Thus, with the He I atom number being constant (e.g., inside a coronal hole observable in He I 10830Å) the places of the highest He II 304Å intensity will be located in places with the lowest electron density. We can assume that this mechanism works not only in coronal holes according to Zirin (1975) , but also in sunspots. In followers, magnetic tube field line divergence from the tube axis, which, as a first approximation, can be characterized by < α >, is larger than in leaders.
This results in lower electron density, at same heights above follower umbrae compared to leader umbrae, and, correspondingly, in brighter He II 304Å emission in followers compared to leaders.
This mechanism may also work in sunspots. In followers, magnetic tube field line divergence from the tube axis, which, as a first approximation, can be characterised by < α >, is larger than in leaders. This results in lower electron density, at same heights above follower umbrae compared to leader umbrae, and, correspondingly, in brighter He II 304Å emission in followers compared to leaders.
Discussion and conclusions
This paper confirms the conclusion in (Zagainova et al., 2015,a) that magnetic properties differ between the umbrae of magneto-conjugated leaders and followers, implying an asymmetry in magnetic properties between leaders/followers. Earlier analyses of magnetic properties in umbrae in (Zagainova et al., 2015a) employed high spatial resolution field vector measurements by the SDO/HMI instrument. In this paper, the magnetic properties were also found using the SDO/HMI instrument, but a more accurate and faster azimuth disambiguation of vector magnetograms was used (Rudenko and Anfinogentov, 2014) . It has been established that in ≈ 78% of the leading/following sunspot pairs under analysis, the minimum angle between magnetic field direction and the positive (i.e. anti-sunward) normal to solar surface at field measurement point is smaller in leading sunspots compared to following, α min−L < α min−F . It has been found that, in ≈ 83% of the spot groups under study, a similar inequality holds for umbral areaaveraged angles < α min−L > < < α min−F >. In other words, for many magneto-conjugated spots, magnetic field in leaders is chiefly closer to the radial direction from the centre of the Sun than in followers.
According to SDO data, the average value of α min−L−av , obtained by averaging for all leaders under study, was found to be ∼ 2.71 times smaller than the average value of α min−F −av for followers. According to data in (Zagainova et al., 2015) this ratio is ∼ 1.8. Our analysis of sunspot magnetic properties based on SDO data has also shown that the value of α min in single sunspots with developed umbra and penumbra and pores is smaller than in leadings. For umbral area-averaged angles < α >, the ratio < α L−av >/< α F −av > is approximately 0.85. At the same time, according to SDO data, the average value of the minimum angle α min−av is smaller in leadings and followings compared to the respective angles found from calculations of these angles using potential approximation field calculations. The conclusion in our previous paper (Zagainova et al., 2015,a) regarding the positive correlation existing between α min−L and α min−F has also been confirmed. In this paper, we show for the first time that a positive correlation also exists between umbral areaaveraged values of angle α in leaders and followers: < α L > and < α F >.
We pointed out in 3.1 that our findings, according to which α min−L < α min−F and < α L > < < α F > for most of the magneto-conjugated leader/follower pairs we studied, conflicts with theoretical calculations for a magnetic tube ascending from the convection zone base towards the solar surface, as well as with some observations of AR properties. In 3.1, we discussed possible causes of this contradiction. The likeliest way to resolve the contradiction is to suggest that magneto-conjugated leaders and followers should not result from a magnetic tube emerging from the convection zone base. Possible formation mechanisms for such spots are discussed in 3.1.
It was noted in our previous papers that there is practically no correlation between α min and umbral area S in both types of spots (leder/follower). It is shown in this paper that there is a negative correlation between both the minimum angle α min and S in both types types of spots, as well as between umbral area-averaged values of angles < α > and S. The largest absolute value of the correlation coefficient (|r| ≈ 0.44) has been found for the dependence of < α > L on S L for leaders. We have confirmed our earlier conclusion in (Zagainova et al., 2015a ) that a correlation exists between the ratios α min−L /α min−F and S L /S F , as well as demonstrating the presence of a relationship between < α L > / < α F > and S L /S F .
A similar conclusion was made in our earlier papers regarding the dependence between maximum magnetic induction B max and angle α min in both types of spots: as α min increased, B max grew, on average, very slowly, while either any correlation between these two values was absent or it was very weak and negative. In this paper, a noniceable negative correlations has been found between B max−L and α min L , as well as between < B L > and < α L > (for the latter dependence, |r| ≈ 0.58) in leaders, with practically no correlation between B max−F and α min L , as well as between < B F > and < α F > in followers (r = −0.115 and r = −0.148). Note that all the above dependences were obtained for spots satisfying this condition: α L ≤ α F or < α L >≤< α F >.
In this paper, as in our previous papers (Zagainova et al., 2015,a) , the dependence of the maximum and mean value of magnetic induction on sunspot umbral area are compared, separately for leaders and followers. The major results of our analysis of these dependences can be formulated as follows: 1) neither the maximum no the mean value of magnetic field drop to zero as the area decreases to very small values; 2) in all cases, magnetic field in leading and single spots is larger than in followings; 3) our approximation yields these hold values of the area when the B max (S) and < B > (S) curves begin to be saturated, MSH for leadings and MSH for followings. This corresponds to sunspot umbral radii of 5000 km and 3100 km. The values we obtained agree, on the whole, with estimates by Solov'ev and Kirichek (Solovev and Kirichek, 2014) and support the concept they develop of a ,,not deep" sunspot. Thus interpreted, our data indicate that followings may be less deep formations.
It was demonstrated in (Zagainova, 2011; Zagainova et al., 2015a ) that, on average, He II 304Å intensity contrast (C 304 ) was higher above follower umbrae than above leaders and single spots and only weakly depended on umbral area. Zagainova (2011) suggested that this difference in contrast between the two types of spots is due to different magnetic properties between leader and follower umbrae, or, in other words, due to asymmetry of magnetic properties for such spots. After we first discovered this asymmetry in magnetic characteristics between leaders and followers, the question arose: is there a quantitative relationship between He II 304Å contrast and the magnetic properties of leader and follower umbrae, or between the asymmetry in contrast between the two types of spots and the asymmetry in their magnetic properties. We failed to find any such relationship in (Zagainova et al., 2015a) , but in this paper we used a more accurate and faster azimuth disambiguation of vector magnetograms (Rudenko and Anfinogentov, 2014) and successfully demonstrated that spots satisfying certain conditions exhibit a positive correlation between C 304−L and < α L > for leaders and between C 304−L /C 304−F and l L /l F . Here, l L (l F ) is the length of a magnetic field line from leader (follower) to the field line apex. For other dependences between C 304−L , C 304−F , C 304−L /C 304−F , on the one hand, and magnetic field characteristics in leader/follower umbrae, on the other, we found either a weak positive correlation or no correlation. Thus we may tentatively suggest that there is a relationship between He II 304Å contrast and magnetic properties of leader and follower umbrae. To obtain dependences with a higher coefficient for correlations between He II 304Å contrast above the umbrae of the two types of spots and magnetic characteristics of the umbrae, one may need to compare C 304−L , C 304−F , C 304−L /C 304−F to magnetic field properties, not at photospheric level, where the field is measured, but at higher altitudes.
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